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Abstract
Background: Although chronic morbidity in humans from soil transmitted helminth (STH) infections can be
reduced by anthelmintic treatment, inconsistent diagnostic tools make it difficult to reliably measure the impact of
deworming programs and often miss light helminth infections.
Methods: Cryopreserved stool samples from 796 people (aged 2–81 years) in four villages in Bungoma County,
western Kenya, were assessed using multi-parallel qPCR for 8 parasites and compared to point-of-contact assessments
of the same stools by the 2-stool 2-slide Kato-Katz (KK) method. All subjects were treated with albendazole and all
Ascaris lumbricoides expelled post-treatment were collected. Three months later, samples from 633 of these people
were re-assessed by both qPCR and KK, re-treated with albendazole and the expelled worms collected.
Results: Baseline prevalence by qPCR (n= 796) was 17 % for A. lumbricoides, 18 % for Necator americanus, 41 % for Giardia
lamblia and 15 % for Entamoeba histolytica. The prevalence was <1 % for Trichuris trichiura, Ancylostoma duodenale, Strongyloides
stercoralis and Cryptosporidium parvum. The sensitivity of qPCR was 98 % for A. lumbricoides and N. americanus, whereas KK
sensitivity was 70 % and 32 %, respectively. Furthermore, qPCR detected infections with T. trichiura and S. stercoralis that were
missed by KK, and infections with G. lamblia and E. histolytica that cannot be detected by KK. Infection intensities measured by
qPCR and by KK were correlated for A. lumbricoides (r = 0.83, p<0.0001) and N. americanus (r = 0.55, p<0.0001). The number of
A. lumbricoides worms expelled was correlated (p<0.0001) with both the KK (r = 0.63) and qPCR intensity measurements (r = 0.60).
Conclusions: KK may be an inadequate tool for stool-based surveillance in areas where hookworm or Strongyloides are common
or where intensity of helminth infection is low after repeated rounds of chemotherapy. Because deworming programs need to
distinguish between populations where parasitic infection is controlled and those where further treatment is required,
multi-parallel qPCR (or similar high throughput molecular diagnostics) may provide new and important diagnostic information.
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Background
Efforts to control STH infections through mass drug
administration (MDA), primarily through school-based
deworming [1, 2], have increased in the past ten years.
An estimated 325 million children were given preventa-
tive chemotherapy for STH in 2013 [3]. The goal of
MDA for STH is to decrease transmission and reduce
morbidity; in some areas elimination has also been
proposed as a goal [1, 4]. The greatest reductions in
parasite burdens occur at the beginning of the MDA
programs, but reinfection occurs rapidly, and deworming
must be repeated at regular intervals to sustain its
impact [5–7]. As STH species are often co-endemic and
treatable using the same drugs, programs to combat a
range of helminths are increasingly being combined to
create economies of scale [8–10].
The absence of reliable, inexpensive, and sensitive
diagnostics to track changes in the prevalence and inten-
sity of helminth infections after rounds of treatment has
complicated efforts to assess the benefits of interven-
tions [11, 12]. The KK method is commonly used in
resource-limited settings because it is simple, quantita-
tive, and can detect Schistosoma spp. and STH [13]. KK
intensities serve as a proxy for worm burden, as previous
studies based on worm expulsion for both A. lumbri-
coides and hookworm show strong correlations between
egg output (KK) and worm load, modified by density
dependence in parasite fecundity [14–16]. However, fecal
egg count is an indirect and imperfect proxy for the
intensity of infection [17].
KK requires a significant time investment by skilled
parasitologists—and expertise in microscopy is increas-
ingly rare. This method is highly susceptible to error
[18]. Results depend on stool volume and consistency,
which can vary by region, season, diet, age and day [19].
The highly time-sensitive detection of hookworm eggs
by KK is particularly difficult [20, 21]. Clumping of eggs
in stool could theoretically add to observed variability, and
homogenization of fecal samples is recommended for
detection of Schistosoma mansoni eggs, though evidence
of clumping has not been found for A. lumbricoides, T.
trichiura or hookworm eggs [22, 23].
The KK method is particularly unreliable in low preva-
lence settings such as the present study, as sensitivity for
light infections is low [24–26]. A recent meta-analysis
found that duplicate KK had 74-95 % sensitivity in high
prevalence areas and 53–80 % in low prevalence areas
for three STH species (A. lumbricoides, T. trichiura and
hookworm) [27]. Alternatives to the standard KK diagnos-
tic method exist, including direct smears, the McMaster,
concentration methods and FLOTAC [28–30]. Among mi-
croscopy techniques for STH, FLOTAC is most sensitive
for most species, and the agar plate method is most sensi-
tive for S. stercoralis [30]. However, the version of FLOTAC
designed for field-based use, the mini-FLOTAC, is compar-
able to KK [27, 31].
Quantitative polymerase chain reaction (qPCR)-based
assays represent a promising alternative approach for
the diagnosis of infection, epidemiological research on
MDA impact and field-based central laboratory settings
[32–34]. These have been developed for a large number
of intestinal parasitic pathogens including STH (A.
lumbricoides, N. americanus, A. duodenale, T. trichiura,
S. stercoralis), protozoa (G. lamblia, C. parvum/hominis,
E. histolytica), and Schistosoma species including S.
mansoni. This makes it possible to distinguish between
hookworm species, and between the pathogenic E.
histolytica and the commensal E. dispar (identified as
different species by [35]). Since A. duodenale has been
found to have a greater impact on iron deficiency than
N. americanus [36, 37], it is helpful for researchers and
program implementers to know which species is preva-
lent in their target regions. For those trying to estimate
burden based on egg count, it is also important to
distinguish between species as output for the two hook-
worm species differs [38].
Although they are costly, these techniques are already
used in centralized laboratories in many low- and
middle-income countries. Molecular diagnostics for a
wide range of infectious disease agents can improve
sensitivity and specificity of measurements, allow for
more accurate quantitation, increase throughput, require
fewer trained personnel and offer insight into the rela-
tionships among multiple pathogens. From a practical
perspective, qPCR assays may be particularly useful to
monitor the intensity of STH (and other parasites) in
areas nearing transmission elimination after repeated
rounds of chemotherapy. They provide a more precise
way to examine trends in low-intensity infection settings,
determine if reinfection occurs post-treatment, and
assess interruption of transmission in a defined setting.
This study was designed to measure the benefit of a
novel molecular diagnostic tool relative to the traditional
KK egg-counting technique commonly used in deworm-
ing impact evaluations. Our primary aim was to assess
whether, and to what degree, high-throughput, multi-
parallel qPCR increased sensitivity and diagnostic
breadth compared to traditional stool-based parasitic
diagnosis. A second aim was to assess whether qPCR
could be used to measure the intensity of infection. As
A. lumbricoides and N. americanus were the only STH
present in the study setting beyond trace levels, this
study focuses on these species.
Methods
Ethics statement
This study was approved by the Ethics Review Committee
of the Kenya Medical Research Institute (Scientific
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Steering Committee protocol number 2688) and the
Imperial College Research Ethics Committee (ICREC_
13_1_15). Informed written consent was obtained from all
adults and parents or guardians of each child. Minor
assent was obtained from all children aged 12–17. Anyone
found to be infected with any STH was treated with
400 mg albendazole during each phase of the study, and
all previously-untreated village residents were offered
albendazole at the end of each study phase.
Participant recruitment and stool collection
Four villages were selected in the West Sang’alo adminis-
trative sub-location of Bungoma County in western Kenya.
The population consists largely of a single subtribe of the
Luhya community, and the primary occupation of most
households is subsistence agriculture. This location was
chosen based on high STH infection prevalence in past
surveys [39]. Participants were recruited during house-to-
house surveys, targeting all residents of the four study
villages. Community health workers served as guides and
translators. Geographical coordinates were recorded for
each household. In total, 4778 people from 855 house-
holds were enrolled. A random number generator was
used to select households for inclusion in the study. Stools
were not collected from individuals residing in the house-
holds not selected, but these individuals were provided
with albendazole at the end of each study phase.
Stool collection took place both at the schools serving
the majority of study village residents and from desig-
nated community collection points. On days when col-
lection was carried out at community collection points,
targeted individuals were given containers and instruc-
tions the day prior to collection. Participants were asked
to bring their samples to the collection point soon after
they were made. On days where collection was carried
out at primary schools, the collection pots were distrib-
uted directly to enrolled children based on enrollment
records and the school roster, and children were asked
to produce stools in the school latrines and return
partially-filled containers to the study team. We aimed
to collect stool from each participant on at least two
days. Stool samples were analyzed on the day of collec-
tion using duplicate KK thick smears, 41.7 mg of stool
each [40]. Duplicate slides from each sample were read
by two different experienced readers. Technicians aimed
to have stools processed within an hour of their
preparation, and most slides were read within 1.5 h of
preparation. Stools were not examined for protozoa in
the field.
A 200 mg sample from each stool was stored at −15
without fixatives in a Precellys Soil grinding SK38 2 mL
tube (Bertin Technologies, Montigny-le-Bretonneux,
France) in the Bungoma County Hospital (Level 4)
within 8 h of collection. Stools were shipped on dry ice
to the National Institutes of Health (NIH) in Maryland,
USA, and stored at −80 until processed.
Treatment and worm expulsion
Following screening, all participants with a positive KK
result for A. lumbricoides, along with 20 % additional
subjects without A. lumbricoides (controls), were treated
with 400 mg albendazole under direct observation.
Stools from these participants were collected each morn-
ing on the second through the sixth day after treatment.
This duration was chosen based on the results of a pilot
test, which indicated that approximately 80 % of all
worms expelled from an individual would be expelled
during this timeframe [41–43]. In the field laboratory, A.
lumbricoides worms were isolated daily from these stool
samples by physically separating and collecting worms
from fecal material. Worms were then washed, stored in
tubes and cryopreserved.
In addition to all individuals who participated in the
worm expulsion studies, all individuals who were posi-
tive for any STH infection, plus an additional 10 % of all
other individuals (controls), were also treated with
400 mg albendazole. In total, 493 people were tested at
this time-point. Everyone who was treated was asked to
provide a stool sample three weeks post-treatment to
examine treatment efficacy. After baseline data collec-
tion and direct treatment of these subgroups, treatment
was provided to all children in the schools where surveys
had been done and to all individuals in the four study
villages.
Three months post-treatment, a follow-up parasito-
logical survey and worm expulsion study were carried
out using the same procedure as described above. Some
people were present only at baseline or only at follow-
up. There were 796 people with complete KK and qPCR
records at baseline; 633 of these people also had
complete records at follow-up. The total number of
stools that were tested both by KK and by qPCR is 1884.
This sample includes people who were present at only
one time-point, stool samples from the efficacy time-
point, and multiple stools from some individuals.
Stool DNA extraction and qPCR
All reagents for DNA extraction were taken from the
PowerSoil and PowerMag Kits (both produced by Mo Bio,
Carlsbad, CA). The DNA extraction was an automated
process based on PowerSoil reagents, using PowerMag
magnetic beads and a magnetic plate (Alpaqua, Beverly,
MA) to adapt the PowerSoil protocol for use on a
Beckman Coulter Biomek NXP robot (Beckman Coulter,
Brea, CA). Samples were homogenized on a Precellys 24
(Bertin Technologies, France) and processed in Costar 96-
deep well assay blocks (Fisher Scientific, Waltham, MA).
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Each sample was spiked with 0.42 ng of an internal con-
trol plasmid to test for efficient extraction [44].
Following DNA extraction, 2 μL of the DNA sample was
plated in quadruplicate wells of 384-well plates for qPCR. A
master mix containing 2x TaqMan Fast Advanced Master
Mix buffer and primers (final concentration 0.9 μM) and
Fam-labeled probes (final concentration 0.25 μM) were
added. DNA concentrations were calculated using a stand-
ard curve. The A. lumbricoides, N. americanus and T.
trichiura positive controls were prepared using genomic
DNA extracted from adult worms of these species. All
other positive controls (for other helminths and protozoa)
were plasmids constructed to match the target sequences
of their associated primers and probes. The primers and
probe sequences for all species except N. americanus and
T. trichiura can be found in [32]. The N. americanus
primer and probe sequences used were based on repeat
sequences recently identified [Pilotte N, Papaiakovou M,
Grant JR, Bierwert LA, Llewellyn S, McCarthy JS et al.: Im-
proved PCR-Based Detection of Soil Transmitted Helminth
Infections Using a Next-Generation Sequencing Approach
to Assay Design, submitted]. The T. trichiura forward pri-
mer sequence is 5′-TTGCCTGTTGGGTGTATCTGTAA-
3′, the reverse primer sequence is 5′-TGCTCATC-
CATCCGTTGGT-3′ and the probe sequence is 5′-FAM-
TAAACTTCAAAATGCCC-3′ (GenBank accession no.
HG805809.1). The plates were run on a ViiA7 (Life Tech-
nologies, Grand Island, NY) using parameters previously
described [32].
Controlled experiments to determine limit of detection
for KK (Part A) and qPCR (Part B)
Part A: Fifty slides were selected from the pool of slides
prepared as part of the primary study. These 50 slides
were read independently by five technicians in the field
laboratory in Kenya. Thirty-four of these slides had A.
lumbricoides eggs; the true number of eggs on each
was estimated as the mean of all positive egg-counts by
these 5 readers. In all other parts of this study, each
slide was read only once (though each stool sample was
made into two slides). The probability of detection was
calculated as the proportion of all technicians who
reported any eggs on each of these 34 slides. The number
of eggs counted per slide by KK is multiplied by 24 to
convert egg counts to EPG (since KK examines 41.7 mg of
stool, and 1000/41.7 = 24).
Part B: Egg-spiking experiments to measure qPCR
sensitivity were performed by using eggs obtained from
adult female worms. Briefly, an adult female worm from
the worm expulsion phase of the study was dissected,
and 2 cm of uterine tissue attached to the vaginal pore
was added to 750 μL of lysis buffer (1 % SDS, 400 μg
Proteinase K in H2O) to loosen the eggs from their sheath.
The sheath was removed, the eggs were centrifuged and
the supernatant was removed. The eggs were washed in
distilled water and then re-suspended in water. Serial
dilutions of the suspended eggs were made. From each
dilution, 5 μL was pipetted onto a slide, and the eggs on
that slide were read by microscopy. Three slides were
made for each dilution to estimate the number of eggs in
5 μL at each dilution. Then, 5 μL of each dilution was
pipetted into each of three Precellys Soil grinding tubes.
These tubes were processed as described for DNA
extraction. Each DNA extraction was plated for qPCR
in quadruplicate. The proportion of wells in which
qPCR detected an A. lumbricoides signal was taken as
the probability of detection for that egg concentration.
Since qPCR examined DNA extracted from 200 mg of
stool, detecting 1 egg in 200 mg would be equivalent to
detecting eggs from a stool with EPG 1000/200 = 5.
Thus the number of eggs estimated to be in each tube
was multiplied by 5 to calculate EPG.
Statistical analysis
Statistical analysis was performed using Prism version 6.0
(GraphPad, La Jolla, CA), R version 3.2.1 (R Foundation
for Statistical Computing, Vienna, Austria, 2015) and
Winbugs [45]. Unless stated otherwise, arithmetic means
were used for measurements of central tendency. The
proportion of the population infected as measured by
qPCR and KK were compared using the non-parametric
Wilcoxon matched-pairs signed rank test, since STH in-
fections are not normally distributed within the human
population (the distributions are well described by the
negative binomial probability model showing high degrees
of parasite aggregation where the variance is greater than
the mean) [46, 47]. Correlations were estimated from
Spearman’s rank correlation coefficients in R. For compar-
isons of population proportions, only the people who had
complete results from baseline and follow-up were in-
cluded (n = 633). For comparisons of qPCR and KK results
from the same stools, all stools with matched 2-slide KK
and qPCR results are included, except those for which the
internal control failed (n = 1869).
Sensitivity was calculated by classifying stool samples
as positive by qPCR when cycle threshold values were
below 40, and as positive by KK if an egg was seen on
any of the two slides read per stool; a sample was con-
sidered “infected” if positive by either method. The high
specificity of qPCR is reviewed in [48, 49] and additional
evidence can be found in other studies [32, 50]. Kato
Katz is generally also found to have very high specificity
[24, 51, 52].
The sensitivity of tests for the detection of A. lumbri-
coides and N. americanus was also estimated by Bayesian
latent class modeling, which does not assume perfect sensi-
tivity of qPCR and KK, and assumes no knowledge of a
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latent variable: the true infection status of participants. The
outcomes of the qPCR and KK tests (1 or 0) were treated
as indicators of this latent variable. Maximum likelihood
estimates for all parameters were calculated using Winbugs
code [53]. For each simulation, four chains were run for
one million iterations. A model accounting for covariance
was used; conditional independence of KK and qPCR
results was not assumed, as both tests depend on the same
biological process to identify helminth infection (the pro-
duction of eggs by worms in the intestine), and are shown
in this study to be correlated. The following assumptions
were included in the model: 95 % confidence that the speci-
ficity of each method was greater than 95 %, and 95 % con-
fidence that the sensitivity of qPCR was greater than 80 %.
Results
Baseline prevalence of gastrointestinal parasites
Since A. lumbricoides and hookworm infections were found
in the study setting by microscopy, we sought to determine
how using qPCR would change our understanding of A.
lumbricoides and hookworm infection burden in the com-
munities surveyed. Thus, the presence of 8 gastrointestinal
parasites was determined by qPCR, and these prevalences
were compared to those found by KK (in 796 individuals
with complete records by both methods at study baseline).
As shown in Fig. 1, at baseline the prevalence of A. lumbri-
coides was 17.3 % by qPCR (138/796), and 12.9 % by KK
(103/796). The baseline prevalence of N. americanus was
18.3 % by qPCR (146/796), and 7.2 % by KK (57/796). All
hookworm eggs observed by KK were assumed to be N.
americanus as no A. duodenale DNA was identified by
qPCR in any sample. Prevalence at baseline by the two
methods is significantly different with p < 0.0001 for both N.
americanus and A. lumbricoides. Based on the 633 samples
with qPCR results from both baseline and follow-up, as seen
in Table 1, the prevalence and intensity of both A. lumbri-
coides and N. americanus declined after treatment. This
trend is apparent regardless of whether KK or qPCR is used.
However, prevalence by qPCR is higher at both time points
and mean intensity by qPCR never goes to zero.
Based on 1869 samples tested by both methods, the sensi-
tivity of qPCR was 98 % (261/266 positives) for A. lumbri-
coides and 98 % (234/238 positives) for N. americanus. For
KK, these sensitivities were only 70 % (187/266) and 32 %
(77/238). These figures are calculated based on all 1869 stool
samples processed by both PCR and KK and assuming 100 %
specificity by both methods. Samples were only considered
positive if at least ¾ wells had a Ct below 40. Fewer than 1 %
of positives for A. lumbricoides had a Ct >37. The average
standard deviation of the 3–4 positive replicates for each posi-
tive sample was 0.46 Ct, meaning that quantitation replicates
were largely consistent. Results were similar when calculated
using latent class modeling: we calculate that qPCR for A.
lumbricoides was 94 % sensitive (95 % CI 83–99 %) and 97 %
specific (94–99 %), and KK testing for A. lumbricoides was
72 % sensitive (56–93 %) and 98 % specific (96–100 %). For
N. americanus, we calculate that qPCR was 94 % sensitive (CI
83–99 %) and 97 % specific (93–99 %), and KK was 28 % sen-
sitive (10–49 %) and 98 % specific (96–100 %).
The qPCR method also enabled us to test the same set of
samples for other parasites, including gastrointestinal
protozoa. Figure 1 shows that the study population has a
high prevalence of G. lamblia (41 %, 329/796) and E. histo-
lytica (15 %, 121/796). Polyparasitism was frequent (Fig. 2a)
with varied parasite combinations. Interestingly, there was a
positive relationship between the estimated intensities of
G. lamblia and A. lumbricoides at baseline (r = 0.10, p =
0.007). When the parasitic infections were mapped to the
households across the villages, there was neither obvious
geographic clustering of any parasites (other than A.
lumbricoides, shown separately in Fig. 6), nor clustering of
the presence of polyparasitism as shown in Fig. 2b.
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Fig. 1 Baseline parasite prevalence by qPCR and KK. Number of
people determined to be infected with each of the 8 parasites by
qPCR (blue) or KK (orange) with the percentages listed above the bars
Table 1 STH prevalence and intensity at baseline and at follow-up
3 months after albendazole therapy
A. lumbricoides N. americanus
Baseline Follow-up Baseline Follow-up
Percent infected (by qPCR) 14 3 18 4
Percent infected (by KK) 9 1 6 1
Mean DNA concentration
in stool (μg/μL)
15 1 301 14
Mean EPG 677 96 8 0
The percent of people infected with each species, and the mean intensity of
infection, is measured at baseline and follow-up from the 633 individuals with
KK and qPCR results at both time points. For qPCR, the mean intensity is mea-
sured in μg/μL, and for KK, it is measured in EPG
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Quantifying STH burden using qPCR
Since one of the benefits of KK is that it provides a
quantitative assessment of the STH burden [13], we
compared the quantitative output of KK and qPCR
results from the same stool samples. Though many
A. lumbricoides and N. americanus infections are
missed by KK (Fig. 3) there was a strong positive
correlation between the average egg count measured
by KK and the average DNA concentration measured
by qPCR (for A. lumbricoides r = 0.83, p < 0.0001; for
N. americanus r = 0.55 p < 0.0001). The median A.
lumbricoides DNA concentration for all positive qPCR
results for A. lumbricoides was 0.013 ng/μL. We can see
from Fig. 3a that the A. lumbricoides infections missed by
KK are low-intensity by qPCR, below 0.013 ng/μL.
However, the hookworm infections missed by KK cover a
wide range of qPCR values, suggesting that they are a
mixture of high and low intensity infections (Fig. 3b).
Both qPCR and KK can more reliably detect heavy
infections than light infections. Based on an egg-spiking
experiment (see Methods), it can be seen from Fig. 4
that both qPCR and KK have a high probability of de-
tecting an infected individual with a high EPG. However,
at lower EPGs, the probability that a reader (KK) or a
Fig. 2 Polyparasitism is common among the study population. Panel A shows a Venn diagram related to infection with at least one of A.
lumbricoides, N. americanus, G. lamblia and/or E. histolytica parasites. Panel B shows the household locations of those with single infections with
N. americanus (green), S. stercoralis (pink), T. trichiura (orange), G. lamblia (purple) and E. histolytica (blue) or those households with more than one
of these infections (black). Distance is depicted by the scaling ruler
Fig. 3 Relationship between qPCR and KK results for A. lumbricoides and N. americanus. Panel A shows the A. lumbricoides DNA concentration by
qPCR as a function of the mean EPG measured by KK from the same stool across all time points (n = 1869). Panel B shows the N. americanus
DNA concentration by qPCR as a function of the mean EPG measured by KK from the same stool
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well (qPCR) will detect a signal decreases. At every EPG,
the probability of detection is higher for qPCR than for
KK until the EPG is so high that both have a very high
probability of detecting an infection (Fig. 4).
Response to albendazole treatment
Infection intensities by KK and qPCR were each strongly
correlated with the number of A. lumbricoides worms
expelled following treatment at baseline (r = 0.63 for KK
and 0.60 for qPCR, p < 0.0001, Fig. 5). As the number of
worms increases, the KK and qPCR results appear to
converge and plateau. Individuals with four or more
worms had high measurements of egg intensity by both
KK and qPCR, but intensity measurements from individ-
uals with fewer than four worms covered the entire ob-
served range of KK and qPCR measurements (Fig. 5). Of
90 individuals with positive KK and qPCR results at base-
line, only 54 (60 %) ever expelled detectable A. lumbri-
coides worms. Since A. lumbricoides is a dioecious species,
the sex of the worms in these low burden individuals will
determine if eggs are produced and if they are fertilized.
Three months after the baseline round of treatment, A.
lumbricoides prevalence was reduced to 2.5 % (16/633) as
measured by qPCR and 1.4 % (9/633) as measured by KK.
Visualizing infections by household, there appears to be
clustering in a single village (Fig. 6). While many infec-
tions were cleared by treatment, the area with the highest
initial prevalence remained a focal area for reinfection
after treatment. This village had a significantly higher
prevalence at both baseline and follow-up when compared
to the other three villages (z = 6.30, p < 0.00001 at baseline,
and z = 3.04, p = 0.001 at follow-up). The prevalence of N.
americanus was reduced at follow-up to 4.4 % (28/633) by
qPCR and 1.1 % (7/633) by KK. As may be expected from
a population with lower egg intensities, the sensitivity of
KK was even lower at follow-up than it was at baseline:
53 % (9/17) for A. lumbricoides and 25 % (7/28) for N.
americanus.
While albendazole treatment reduced the prevalence
and intensity of A. lumbricoides and N. americanus in-
fections (as seen by the reduction in dark circles in Fig. 6
and predominance of negative slopes in Fig. 7a and b),
G. lamblia and E. histolytica prevalence by qPCR were
substantial at both baseline and follow-up. As qPCR ex-
panded our ability to measure other gastrointestinal
parasite intensities from the same stool samples, we
were able to examine whether the intensities of these
protozoan infections changed following albendazole
therapy, though changes were not expected. Though
there was a transient drop in G. lamblia prevalence and
intensity three weeks after treatment with albendazole
(data not shown), there was no significant difference in
G. lamblia and E. histolytica infection prevalence or in-
tensity at follow-up (Fig. 7).
Discussion
Diagnostic tools are crucial for mapping STH infections,
designing programs that target hotspots of infection, and
monitoring MDA program impact [17, 25, 54]. When
STH infections are pushed toward local elimination in
defined settings, it will become increasingly important to
have highly sensitive diagnostic methods to assess
whether transmission has ceased. Given the propensity
for STH to bounce back to pre-control levels after
chemotherapy cessation in the absence of other changes
(such as significant improvements in hygiene and sanita-
tion), sensitive diagnostic tools will be increasingly
important as MDA programs expand to interrupt trans-
mission. A parasitologist cannot identify a slide with an
EPG lower than 24 (as EPG is calculated as 24 times the
number of eggs seen on the slide). In contrast, qPCR
using 200 mg of stool could theoretically identify an
EPG as low as 5 (since one egg in 200 mg is 5 eggs in
1 g), or even less if DNA shed from eggs or worms was
present in an egg-free 200 mg sample.
Despite working with a team of highly skilled parasi-
tologists, we found that KK only detected 70 % of A.
lumbricoides and 32 % of N. americanus infections
detected by qPCR. False negatives from KK result from
low rates of detection at low infection intensities, as seen
in Fig. 4. It is possible that qPCR could identify DNA
shed from worms in the intestines not producing eggs,
though it is likely that most DNA measured by qPCR
comes from eggs in stool [55]. A meta-analysis found
that 1-sample duplicate KK resulted in 64.6 % sensitivity
for A. lumbricoides and 63 % sensitivity for hookworm,
and a 2-sample duplicate KK resulted in 69.2 % sensitiv-
ity for A. lumbricoides and 74.2 % for hookworm [27].
Our findings are in line with this meta-analysis for A.
lumbricoides but lower for hookworm. Further, our data
suggest that qPCR may be the “new gold standard,” to
which KK should be compared.
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Fig. 4 Parallel experiments calculate probability of A. lumbricoides
detection by EPG. The probability that A. lumbricoides eggs will be
detected by qPCR (in blue) or KK (in orange) is shown at different
EPG values
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Several previous studies have shown that PCR clearly
outperforms microscopy for STH diagnosis [48]. In
Malaysia, qPCR was found to be more sensitive than KK
or a flotation technique [56]. Recently in Argentina,
qPCR performed better than concentration microscopy
or McMaster for all gastrointestinal parasites studied
except T. trichiura [55]. A study in a low endemicity
setting in Tanzania, in contrast, found that PCR results
for hookworm were comparable with KK [57]. This
might have been because their KK technique was excep-
tionally good (slides were examined exactly 20 min after
preparation, which is difficult to achieve in a study
where high throughput is required), or because the
qPCR technique we used for hookworm is an
Fig. 5 Relationship between KK and qPCR measurements and the number of A. lumbricoides worms expelled. For the set of 159 individuals who
were part of the worm expulsion at baseline, their baseline average 2-stool duplicate KK result is plotted against the number of worms eventually
collected from that person (Panel A). Points on the x-axis represent people who expelled worms but were negative for A. lumbricoides by KK, and
points on the y-axis represent people who were positive for A. lumbricoides by KK but in whose stool worms were not found. Panel B shows the
relationship between the A. lumbricoides DNA concentration calculated by qPCR and the number of expelled worms for the same set of
159 individuals
Fig. 6 Intensity of A. lumbricoides infection by household at baseline and at follow-up three months after albendazole therapy. Households with A.
lumbricoides DNA concentration (ng/μL) at baseline (left) and three months post-treatment (right). Households with no A. lumbricoides (white circles),
light infections (<0.1 ng/μL, light gray circles), medium infections (0.1–0.2 ng/μL, dark gray circles) and heavy infections (>0.2 ng/μL, black circles) are
shown. The village with the highest prevalence of individuals infected with A. lumbricoides at baseline and follow-up is outlined in gray
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improvement on what was previously available. Some of
these differences could be related to different target se-
quences for qPCR. Our study used sequences from a
variety of sources, based on head-to-head comparisons
to identify those with the greatest sensitivity and specifi-
city. Our study also has the strength of having an in-
ternal amplification control that allowed us to determine
the robustness of our DNA extraction process. The ab-
sence of such a positive control was identified as a draw-
back in previous studies [32, 57]. It should be noted,
however, that only 0.8 % of samples (15/1884) had to be
removed from analysis due to failure of this internal
control, indicating the reliability of our DNA extraction
procedure.
A recent meta-analysis on the sensitivity of STH diag-
nostics concluded that there was not enough evidence
on the sensitivity of PCR for STH to include it in the list
of techniques evaluated [27]. The present study clearly
shows, based on 1869 stool samples collected in the field
and tested by KK and qPCR, that the latter method is
considerably more sensitive for A. lumbricoides and N.
americanus than two KK slides from a single stool
(Fig. 3), and that significantly higher prevalences are
calculated if qPCR is used rather than two KK slides
from two stools (Fig. 1). The substantial difference
between hookworm prevalence by qPCR and KK is
comparable to that found using a similar qPCR method
in Argentina, where prevalence was 37 % by qPCR
compared to 21 % by microscopy [55].
One of the strengths of KK is that it provides a quantita-
tive measure of infection burden. We have shown, based
on 1869 stool samples (Fig. 3), that KK and qPCR measures
are very strongly correlated for A. lumbricoides (r = 0.83,
p <0.0001) and moderately correlated for N. americanus
(r = 0.55, p <0.0001). By testing this relationship in a large
field-based cohort, we were able to confirm findings from
previous studies with fewer comparable measurements that
A. lumbricoides and N. americanus qPCR and KK results
are correlated [32, 55, 57]. The fact that the quantitative
measures from the KK and qPCR tests are highly correlated
indicates that DNA concentrations calculated against a
standard curve for qPCR can be used as a quantitative
measure of infection intensity.
EPG is used as a proxy for worm burden and hence as an
assessment of transmission potential in defined populations
[58, 59]. We have shown that EPG and DNA concentration
are equally good predictors of worm burden, with similar
correlation coefficients (Fig. 5). We have shown evidence of
density-dependent egg production, since EPG and DNA
concentration plateau at high levels of worm burden as found
in [14, 47, 60]. However, the fact that people with fewer than
five worms can have a qPCR or KK measurement covering
the entire observed range suggests that the approach of
estimating worm burden from EPG or qPCR should be used
with caution.
There is increased pressure to combine disease control
programs to save costs, given that many people suffer
from gastrointestinal polyparasitism in resource-limited
settings [61, 62]. The particular nature of a community’s
multiple overlapping infections is important when
selecting drugs for intervention [63]. As found in previ-
ous studies, qPCR allowed us to expand the range of
parasites identified in the study setting and to identify
the distribution of polyparasitism. As clearance of hel-
minths may perturb the balance of infective agents, possibly
allowing for increased colonization by some protozoan
species [64], it may be important to track changes in
colonization by other pathogens following MDA.
Fig. 7 Infection intensities of individuals at baseline and at follow-up three months after albendazole therapy. Mean DNA concentrations, calculated from
qPCR results, are shown for A. lumbricoides (Panel A), N. americanus (Panel B), G. lamblia (Panel C) and E. histolytica (Panel D) at baseline for 633 participants
for whom paired samples were available. Each line represents a single individual before and three months after albendazole therapy
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One possible drawback to this study is that we did not
collect clinical information on infection with E. histolytica,
G. lamblia or S. stercoralis. Neither did we examine stools
using highly sensitive methods for these parasites (agar plate
for S. stercoralis, coproantigen detection for G. lamblia and
E. histolytica).
Conclusions
Based on the present study, the prevalence of STH is likely
to be underestimated by current mapping efforts in many
low endemicity settings. As an alternative, qPCR can be
used to more accurately assess changes in infection preva-
lence and intensity following MDA. This is particularly im-
portant as periodic MDA continues to bring down the
prevalence of STH. Although qPCR requires transporting
samples to reference laboratories where they can be proc-
essed, the use of such molecular techniques allows for more
sensitive measurements of infection prevalence and inten-
sity. Multi-parallel qPCR for STH can be more easily
undertaken in resource-limited settings than can multiplex
qPCR, as more standard (and accessible) instrumentation
can be used [32]. KK still serves an important purpose for
mapping areas of presumed high STH and Schistosoma
spp. prevalence, but thorough examinations of the com-
parative costs of qPCR and KK under field conditions are
necessary. Though monitoring and evaluation teams are
currently asking whether they can afford to use qPCR for
STH surveillance, they may soon be asking whether they
can afford to lose so much information by putting off
building their capacity in modern molecular methods.
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